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ABSTRACT

Introduction: Hypoplastic left heart patients have significant blood flow unbalance in the cardiovascular system; ex-
cess blood flows from the right ventricles to the lung. Patent Ductus Arteriosus (PDA) stenting prevents excess blood 
flow and shunts the blood flow to the aorta through PDA without conventional heart surgeries. On the other hand, 
past clinical researches report that PDA stenting can bring on thrombosis around ductus arteriosus. This study eluci-
dated the hemodynamics of the aorta-pulmonary artery system by using three patient-specific morphological data, 
experimentally and numerically. Methods: This study carried out Particle Image Velocimetry (PIV) measurement 
and Computational Fluid Dynamics (CFD) analysis for three patient-specific models. Results: The experimental and 
numerical analysis clarified transient hemodynamics in the aorta-pulmonary artery system; pulmonary blood flow 
was shunt to the aorta at the peak systole and diastole. Q-criterion, which indicates both the second-order invariant 
of turbulence flow and the structure’s characteristics, was generated in the PDA at the same period. Conclusion: This 
study found the influence of PDA morphology on transient hemodynamics; the highest Q-criterion in the PDA is 600 
[s-2]; on the contrary, the lowest case is around 200 [s-2]. These flow characteristics are essential factors in thrombus 
formation in PDA. 
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INTRODUCTION

Hypoplastic left heart syndrome is a congenital heart 
disease caused by incorrect development of the left 
system (1, 2). During pregnancy, the patent ductus 
arteriosus (PDA) maintains the patient’s blood flow 
balance in the cardiovascular system; the excess blood 
flow from the right ventricle to the pulmonary artery is 
shunted to the aorta via PDA.  After birth, the ductus 
arteriosus closes spontaneously.All of the blood flow 
from the right ventricle flow into the pulmonary artery. 
Consequently, blood flow to the lungs significantly 
increase. Some operations are required to save the child 
patient; the Norwood procedure and the Bidirectional 
Glenn procedure. Finally, the Fontan procedure is 
performed to improve cardiopulmonary function. 
Without surgery, the hypoplastic left heart syndrome 
is deadly, usually within a few weekds of life. PDA 
stenting is recently performed instead of the Norwood 
procedure and the Bidirectional Glenn procedure (3, 4, 
5). This operation inserts a stent into the PDA to open 
the blood vessel. The feature is a minimally invasive 

technique and avoids the needed cardiopulmonary 
bypass and circulatory arrest. Although the advances in 
interventional trans-catheter stenting techniques in the 
congenital heart have reduced the numbers of mortality 
and morbidity on neonates, many complications are 
reported after the stent insertion, such as acute stent 
thrombosis, PDA spasm, stent migration, pulmonary 
hypertension, and protrusion (6, 7, 8). The detailed 
interaction mechanisms of cardiac blood flows in the 
aorta and the pulmonary artery through the PDA are 
not studied. It is necessary to reveal the blood flow 
characteristics in the aorta-pulmonary artery system at 
the state of the PDA stenting. This study elucidates the 
hemodynamics of the aorta-pulmonary artery system 
using both particle image velocimetry (PIV) measurement 
and computational fluid dynamics (CFD) analysis. 

MATERIALS AND METHODS

Case data
This study has used three patient-originated aorta-
pulmonary artery models developed in our previous 
study (9). Figure 1 shows the schematic drawings of the 
models. The models can be categorized by the PDA origin 
at the aorta and the insertion point at the pulmonary 
artery; the PDA origins are categolized by ascending 
aorta (AS), transverse aorta (TR), and descending aorta 
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(DS), while the insertion point is characterized by the 
main pulmonary artery (MPA), left pulmonary aorta 
(LPA), and right pulmonary aorta (LPA). The diameters 
of AS, DS and LPA/RPA are 13 mm, 11 mm and 6 mm, 
respectively. Brachiocephalic, subclavian, and carotid 
arteries diameters have a diameter of 3 mm, PDA of 6 
mm in each model.

Numerical model
This study has conducted CFD analysis through the 
CFD library “OpenFOAM ver.8” to estimate pulsatile 
flow’s influence on the interaction between the 
aorta and pulmonary artery blood flows. LES (Large 
Eddy Simulation) turbulent model with WALE (Wall-
Adappting Local Eddy-viscosity) sub-grid scale model 
was employed in this study (10). In LES model, the 
filtered continuity and Navier-Stokes equations are as 
follows;

      

where

                                      (3)

is the subgrid scale tensor. Applying an eddy-visocosity 
assumption to the tensor, then the tensor is evaluated by

                                 (4)
Here

                                 (5)

is the deformation tensor of the resolved field. The eddy-
viscosity of the WALE model is calculated by

                          (6)

Figure 1: Schematic drawing of the aorta-pulmonary artery 
models; (a) ASMPA: the PDA origin is at the ascending aorta 
(AS) and the insertion at the main pulmonary artery (MPA), (b) 
TRLPA: the PDA origin is at the transverse aorta (TR) and the 
insetion at the left pulmonary artery (LPA), and (c) DSLPA: the 
PDA origin is at the descending aorta (DS) and the insetion at 
the left pulmonary artery (LPA).

where

(g
ij
)  is the velocity gradient tensor, and S

ij
 is the traceless 

symmetric part of the square of the velocity gradient.   
c

w 
is the model constant. This study set  c

w
=0.325. 

The blood properties were set at 1050 kg/m3 for the 
density, and 0.012171 Pa•s for the dynamic viscosity. 
Pulsatile velocity profiles, shown in Fig.2, was aplied 
at the aorta and main pulmonary artery based on the 
result obtained from Pennati et al (11). This study 
discretized the governing equations mentioned above 
using the finite volume method. The analysis used an 
unstructured computational mesh consisting of tetra 
with prism mesh on wall boundaries. The total numbers 
of meshes in each case are more than 1.5 million. As for 
the discretization scheme, this study adopted a second-
order upwind scheme on advection terms, a second-
order central differential scheme on diffusion terms, and 
an Euler implicit scheme on time terms. The discretized 
equations are solved by using both Preconditioned 
conjugate gradient (PCG) solver and preconditioned bi-
conjugate gradient stabilized (PBiCGstab) solver.

(1)

(2)

(7)

(8)

d

Figure 2: Pulsatile inflow profiles for (a) aorta and (b) main 
pulmonary artery

Particle Image Velocimetry
PIV measurement is a calculation method for unsteady 
and instantaneous flow characteristics using image 
analysis techniques. This measurement method visualizes 
fluid motion using tracer particles in fluid flow and then 
estimates the particle velocity numerically using digital 
image processing (12, 13). The PIV apparatus in this 
study shows in Fig. 3. It consists of a high-speed camera 
(DITECT D71, 800fps), a laser light source (DITECT 3W 
green laser), tracer particles (DANTEC PSP 20μm), and 
aqueous glycerol aqueous solution as working fluid. A 
living-body model of the aorta-pulmonary artery system 
was made from patient-specific 3-D CT data, as shown 
in Fig. 4. It was originated from the ASMPA model shown 
in Fig. 1 (a). It was made from silicon rubber, and it is 
twice as large as the actual body scale. The red rectangle 
in Fig. 4 is the imaging object region. Liquid delivery 
pumps connected with both aorta and pulmonary artery 
inlets of the model. During the PIV measurement, these 
flow rates were set at 0.650 (L/min) and 0.823 (L/min), 
respectively.
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RESULTS

Velocity characteristics in constant flow condition 
(Result of PIV measurement)
This study conducted a PIV measurement using the 
living-body model under constant flow rate conditions. 
Fig. 5 shows PIV measurement results, especially 
Fig.5(c) is the time-averaged z-direction (axial) velocity 
compared with CFD analysis. The low-velocity region 
forms both inside the PDA and the junction of the 
PDA and the aorta. Circulation flow inside the PDA, 
namely up-flow and down-flow, is also found in this 
region. These characteristics indicate the bloow flows 
interaction between the aorta and pulmonary artery. 
The CFD analysis shows qualitatively good agreement 

with PIV measurement, although CFD analysis shows 
quantitative differences with PIV measurements. The 
differences were caused by discrepancies in outlet 
boundary conditions in CFD analysis. There is still room 
for consideration; this study proceeds with discussing 
pulsatile flow characteristics in the PDA using CFD 
analysis in the following sections.

Hemodynamics in pulsatile flow condition (Result of 
CFD)
Figure 6 shows velocity contours on the coronal plane 
of the PDA before systole, at peak systole, and diastole; 
the results of the three models show completely different 
blood flow transient characteristics. In the ASMPA 
before systole (t=0.47s), there are low-velocity regions 
inside PDA; blood flow re-balance, where blood flow 
from the pulmonary artery to the aorta, does not occur 
at this period, as shown in Fig.6(a). Blood flow from the 
aorta to pulmonary artery slightly appears at the peak 
systole (t=0.52s), as shown in Fig.6(b). Subsequently, 
vertical circulation flow is observed inside PDA at the 
diastole (t=0.60s), as shown in Fig.6(c). In TRLPA, blood 

Figure 3: Schematic drawing of Particle-Image-Velocimetry 
system

Figure 4: ASMPA Living model of Aorta-Pulmonary artery sys-
tem for Particle-Image-Velocimetry measurement

Figure 5: Result of PIV meas-
urement inside PDA and 
comparison with CFD; (a) the 
location of measurement sec-
tion, (b) instantaneous veloc-
ity vectors, and (c) time-av-
eraged z-direction (axial) 
velocity inside PDA compar-
ing with CFD analysis

Figure 6: Velocity contours on the coronal plane of the PDA 
before systole, at peak systole, and at diastole
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flow from the pulmonary artery to the aorta is observed 
before and at the systole, as shown in Figs.6(d) and 6(e). 
On the other hand, in DSLPA, significant blood flow 
interaction between the aorta and the pulmonary artery 
does not appear during the systole and the diastole, as 
shown in Figs.6(g)-6(i).

DISCUSSION

This study calculated Q-criterion, the second-order 
invariant of turbulence flow, and indicates the vortex 
structure’s characteristics in the flow to understand the 
PDA’s pulsatile flow characteristics more deeply.  The 
Q-criterion is evaluated as,

       (9),

where, 
       (10),

is the velocity gradient. 

As shown in Fig. 7, the main pulmonary artery’s vortices 
transfer to the aorta via the PDA at the peak systole in 
all cases. In the case of ASMPA, most of the vortices in 
the PDA disappear at the diastole, as shown in Fig.7(c). 
Then the highest Q-criterion in the PDA is 212 [s-2]. On 
the other hand, vortices still continue to be generated 
at the diastole in both TRLPA and DSLPA, as shown in 
Figs.7(f) and 7(i). In addition, the highest Q-criterions in 
both cases are above 600 [s-2]. The PDA stent is inserted 
into the PDA to enlarge the tiny blood vessel in a 
practical situation. As calculation results of velocity and 
vortex, the stent insertion to both TRLPA and DSLPA will 
induce and encourage the mixing vortices in the low-
velocity regions, consequently suppressing the thrombus 
formation within the aorta-pulmonary artery system. The 
design of the PDA stent that persuades turbulence is to 
be important in stent development. The previous study 
had only carried out steady flow analysis, revealing 
velocity contours in the PDA system (9, 14-16). This 
study had analyzed the transient flow characteristics and 
vortices formation and dissipation characteristics in the 
aorta-pulmonary artery system. Furthermore, this study 
clarified the influence of the blood vessel morphology 
on the blood flow and vortex characteristics. These 
results give us detailed information about re-balance 
characteristics, which is a great advantage of this study. 

CONCLUSION

 This study performed CFD analysis and PIV measurement 
for blood flow characteristics in the aorta-pulmonary 
artery system. This study found that the circulation 
flow is formed in the PDA from the PIV measurement. 
CFD analysis under the same flow condition with PIV 
measurements gave qualitatively similar characteristics. 
In the CFD analysis under pulsatile flow conditions, this 
study found the influence of aorta, PDA, and pulmonary 

artery morphologies on the blood flow characteristics in 
the system; blood flow from the pulmonary artery to the 
aorta is formed, and the Q-criterion vortices generated 
during systole and diastole periods in two of the three 
cases. Since the low-velocity and low Q-criterion 
vortices regions will be significant to the thrombus 
formation and the stent will be induced turbulence in 
the regions, stent design will be essential to suppress the 
thrombus formation.
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